We studied separately the effects of weight loss by calorie restriction (dieting) and by calorie expenditure (primarily, running) on lipoprotein subfraction concentrations in sedentary, moderately overweight men assigned at random into three groups as follows: exercise without calorie restriction (n=46), calorie restriction without exercise (n=42), and control (n=42). Plasma lipoprotein mass concentrations were measured by analytic ultracentrifugation for lotation rates (F,'20, S') within high density lipoprotein (HDL) (F,'20 0-9), low densit lipoprotein (LDL) (Sf 0-12), intermediate density lipoprotein (IDL) (S? 12-20), and very low density lipoprotein (VLDL) (Sf 20-400) particle distributions. Particle diameter and flotation rate of the most abundant LDL species were determined by nondenaturing polyacrylamide gradient gel electrophoresis and analytic ultracentrifugation, respectively. During the 1-year trial, the exercisers ran (mean±+SD) 15.6±9.1 km/wk, and the dieters ate 340±71 fewer kilocalories per day than at baseline. Total body weight was reduced significantly more in dieters (-7.2±4.1 kg) and exercisers (-4.0±3.9 kg) than controls (0.6+3.7 kg). As compared with mean changes in controls, the exercisers and dieters significantly increased HDL2 mass (48.6% and 47.1%, respectively), decreased VLDL mass (-23.9% and -25.5%), and increased LDL peak particle diameter (2.4 and 3.2 A). When adjusted to an equivalent change in body mass index by analysis of covariance, 1) exercise-induced and diet-induced weight loss produced comparable mean changes in the mass of small LDL and VLDL, and in LDL peak particle diameter; 2) the exercisers versus control group difference in HDL2 was attributed to the exercisers' reduced body mass index; and 3) HDL2 increased significantly less in dieters than in exercisers. In dieters, low calorie intake might mitigate the effects of weight loss on HDL2. (Circulation 1990;81:1293-1304 M en who are at low risk of coronary heart disease have low serum mass concentrav tions of smaller, less-buoyant low density lipoproteins (LDL) and very low density lipoproteins (VLDL), and high concentrations of two high density lipoprotein (HDL) subfractions, HDL2 and HDL3.1-3 Their LDL particles tend to have a high peak flotation rate and large peak particle diameter.4 Endur-ance exercise can produce physiological changes that promote these lipoprotein characteristics. As compared with sedentary men, long-distance runners See p 1428 have higher HDL2 concentrations, lower small LDL and VLDL concentrations, and higher LDL peak flotation rates.56 Moreover, sedentary men who begin running show changes in these lipoprotein subfractions that correlate with training level and weight loss.7-9 These observations, however, are not conclusive proof that endurance exercise causes these lipoprotein changes. Self-selection might contribute to the lipoprotein differences between runners and sedentary men.10 Strong proof of a cause-and-effect relation requires the demonstration of significant lipoprotein differences between exercise and control groups in a randomized intervention trial. The reasons for lipoprotein changes in runners are the subject of controversy.1 -16 Some attribute the
Changes in Lipoprotein Subfractions
We studied separately the effects of weight loss by calorie restriction (dieting) and by calorie expenditure (primarily, running) on lipoprotein subfraction concentrations in sedentary, moderately overweight men assigned at random into three groups as follows: exercise without calorie restriction (n=46), calorie restriction without exercise (n=42), and control (n=42). Plasma lipoprotein mass concentrations were measured by analytic ultracentrifugation for lotation rates (F,'20, S') within high density lipoprotein (HDL) (F,'20 0-9), low densit lipoprotein (LDL) (Sf 0-12), intermediate density lipoprotein (IDL) (S? [12] [13] [14] [15] [16] [17] [18] [19] [20] , and very low density lipoprotein (VLDL) (Sf 20-400) particle distributions. Particle diameter and flotation rate of the most abundant LDL species were determined by nondenaturing polyacrylamide gradient gel electrophoresis and analytic ultracentrifugation, respectively. During the 1-year trial, the exercisers ran (mean±+SD) 15.6±9.1 km/wk, and the dieters ate 340±71 fewer kilocalories per day than at baseline. Total body weight was reduced significantly more in dieters (-7.2±4.1 kg) and exercisers (-4.0±3.9 kg) than controls (0.6+3.7 kg). As compared with mean changes in controls, the exercisers and dieters significantly increased HDL2 mass (48.6% and 47.1%, respectively), decreased VLDL mass (-23.9% and -25.5%), and increased LDL peak particle diameter (2.4 and 3.2 A). When adjusted to an equivalent change in body mass index by analysis of covariance, 1) exercise-induced and diet-induced weight loss produced comparable mean changes in the mass of small LDL and VLDL, and in LDL peak particle diameter; 2) the exercisers versus control group difference in HDL2 was attributed to the exercisers' reduced body mass index; and 3) HDL2 increased significantly less in dieters than in exercisers. In dieters, low calorie intake might mitigate the effects of weight loss on HDL2. (Circulation 1990; 81:1293 -1304 M en who are at low risk of coronary heart disease have low serum mass concentrav tions of smaller, less-buoyant low density lipoproteins (LDL) and very low density lipoproteins (VLDL), and high concentrations of two high density lipoprotein (HDL) subfractions, HDL2 and HDL3.1-3 Their LDL particles tend to have a high peak flotation rate and large peak particle diameter.4 Endur-have higher HDL2 concentrations, lower small LDL and VLDL concentrations, and higher LDL peak flotation rates. 56 Moreover, sedentary men who begin running show changes in these lipoprotein subfractions that correlate with training level and weight loss.7-9 These observations, however, are not conclusive proof that endurance exercise causes these lipoprotein changes. Self-selection might contribute to the lipoprotein differences between runners and sedentary men.10 Strong proof of a cause-and-effect relation requires the demonstration of significant lipoprotein differences between exercise and control groups in a randomized intervention trial.
The reasons for lipoprotein changes in runners are the subject of controversy.1 -16 Some attribute the changes to the muscle adaptations to running.14 Alternatively, runners are leaner than sedentary men, and we have proposed that reduced adiposity might explain some of the lipoprotein differences between runners and sedentary men. [7] [8] [9] 15, 16 It is unclear from previous studies whether, in men, weight loss by calorie restriction alone has the same effects on lipoprotein metabolism as weight loss by exercise. Seldom controlled and seldom restricted to men, previous diet studies have produced conflicting results for HDL cholesterol, 11,12,17-20 triglycerides,11,18-23 and LDL cholesterol.1218"19,21-24 These inconsistencies might relate, in part, to study differences in dietary composition, rapidity of the weight losses, or measurement protocol (i.e., whether during active weight loss or when weight has stabilized17). Although we have found that the increase in HDL cholesterol can be greater for exercise-induced weight loss than dietinduced weight loss,7 these results were obtained from post-hoc correlation analyses and require confirmation. To our knowledge, the effects of dietinduced and exercise-induced weight loss on lipoprotein subfractions have not been previously compared in a controlled clinical trial.
We, therefore, performed a randomized controlled trial to compare the 1-year changes in lipoprotein subfractions in men assigned to one of the following three experimental conditions: Weight loss by exercise (primarily, running), weight loss by calorie restriction, and control. Two main hypotheses were tested. First, we tested the separate effects of exercise-induced and diet-induced weight loss by contrasting the mean changes of the diet and the exercise groups with those of the controls. Second, we tested for differences between exercise-induced and diet-induced weight loss by contrasting the mean changes in the exercise group with those of the diet group. The changes in lipoprotein-cholesterol measurements in this study have been reported by Wood et al. 25 This report extends these findings to 1) changes in the mass concentrations of subfractions within the LDL, IDL, and VLDL regions, 2) changes in the size and buoyancy of the predominant LDL peak, and 3) changes in the total mass concentrations of the HDL2 and HDL3 subfractions.
Methods

Subjects and Laboratory Measurements
We recruited 155 sedentary men, aged 30-59 years, 20-60% over Metropolitan ideal weight,26 who were nonsmokers, not on medication that might affect lipid metabolism, and nonhypertensive (blood pressure, < 160/100 mm Hg). Their plasma total cholesterol concentrations were below 320 mg/dl, and their plasma triglyceride concentrations were below 500 mg/dl. After their baseline evaluation, these men were assigned at random into one of the following three experimental conditions: Diet (calorie restriction without increasing exercise), exercise (physical activity increase, primarily running, with no change in diet), and control (no change in diet or exercise). 25 The diet and exercise programs were each targeted to reduce the men's body fat by one third over a 9-month period. We asked the men in the diet group to reduce total calorie intake without changing the proportions of fat, carbohydrates, protein, or alcohol consumed. Their diets were individually prescribed, assuming that a 7,762-kcal reduction in energy intake would produce a 1-kg fat loss. To achieve a one third body fat loss in the exercise group, the men were asked to begin calisthenics and to walk, jog, or run for 25 minutes, three times per week at 60-80% of maximal heart rate. The periods of continuous jogging were increased to 40-50 minutes, 5 days per week. The controls were asked to remain sedentary and to not change their diets. During the last 6 weeks of the trial, the dieters attempted to stabilize their weight loss by adjusting energy intake, and the exercisers attempted to stabilize their weight loss by adjusting exercise level while keeping energy intake constant.
At baseline, 7 months, and 1 year, the men reported to our clinic in the morning, after having abstained for 12-16 hours from all food and any vigorous activity. We estimated body compositions by hydrostatic weighing and maximal oxygen uptakes in ml/kg/min (Vo2max) and 1/min (VoL) by recording gas exchange during treadmill tests to exhaustion.25 Energy intakes were estimated by computer analysis of food diaries maintained by the participants over a 7-day diet period.27 Self-report physical activity level was estimated from a 7-day physical activity questionnaire.28 Additionally, the runners recorded exercise duration and frequency in diaries. These entries were verified by the training staff. Blood samples were collected in EDTA (1 mg/l) after an overnight fast at baseline, 7 months, and 1 year. Lipoprotein containing fractions were prepared and studied by analytic ultracentrifugation as previously described.29 '30 Concentrations of total lipoprotein mass were estimated by using computer techniques for 15 HDL flotation intervals between F,?20 0-9 (half-integer increments from 0 to 6 and integer increments, thereafter), 11 LDL flotation intervals between SO 0-12 (integer increments between S0 0-10 and, then, S? 10-12), four IDL flotation intervals between S°12-20 (two-unit increments), and 14 VLDL flotation intervals between S O 20-400 (increments of 10 units below S? 100 and increments of 50 units, thereafter). 29, 30 Results are also presented for HDL2 (Fl,20 3.5-9), HDL3 (Fl,20 0-3.5), small LDL (S f 0-7), large LDL (Sf 7-12), IDL (S 12-20), and VLDL (S? 20-400) mass concentrations, and LDL peak flotation (So) rates (i.e., the mode of the distribution of LDL particles).29'30 Particle diameters of the most abundant LDL species were determined from nondenaturing polyacrylamide gradient gel electrophoresis of the d less than or equal to 1.063 plasma fractions on 2-16% gels, stained for protein, as previously described.31,32 
Statistics
The tables present the mean (+ 1 SD) for lipoprotein levels and other variables at baseline, and mean changes in these variables between baseline, 7 months, and 1 year. The effects of the diet and exercise interventions are estimated by subtracting the mean change scores of the control group from those of the diet and exercise groups. The net change is then presented ±+1 SEM. The significance of these differences are evaluated from the Wilcoxon two-sample test. Pearson correlation coefficients and linear regression describe the pairwise associations between lipoprotein mass concentrations, weight loss, distance run per week, maximum aerobic capacity (Vo2max), and calorie intake. Analysis of covariance was used to adjust changes in lipoproteins for changes in nutrient intake and body mass index. This procedure uses parallel regression lines to describe the relation between dependent variable and the covariate. Separate intercepts are fitted to the regression lines of the three groups, and the distances between the parallel lines are used to test for significant group differences. The analysis assumes that the relation between the dependent variable and covariate is the same within each group. The equality of the regression slopes was tested before adjustment. The analyses include only those subjects with complete data on lipoprotein subfractions and other variables, as required (see footnotes to Table 1 ). Because the assumption of bivariate normality might not hold for serum lipoprotein mass concentrations, adiposity, distance run, and energy intake, we verified the standard significance levels by permutation tests.33
Results
Six of the 52 exercisers, seven of the 51 dieters, and eight of the 52 controls were omitted from the analyses because their data were incomplete for lipoprotein subfractions, and two additional controls and two additional dieters were omitted because their body composition measurements were incomplete. The remaining 46 exercisers, 42 dieters, and 42 controls seem well matched at baseline for body mass index, calorie intake, Vo2max, treadmill test duration (Table 1) , plasma lipoprotein mass concentrations (Table 2) , and body composition. 25 The controls' fitness decreased slightly, but their body mass index, energy intake, and reported physical activity remained relatively constant. With one exception, HDL3, the controls' lipoproteins showed little mean change (Table 2 ). This suggests that secular trends and experimental artifacts affecting lipoproteins were mostly minor. In the analyses to follow, the average change in the controls is subtracted from the average changes in the dieters and exercisers. We assume these net differences estimate the direct effects of the two weight-loss interventions. Table 1 shows that the intervention goals were partially achieved. The exercisers ran (mean+SD) 15 .6±9.1 km/wk during the year (18.9±13.1 km/wk between the fifth and 12th months) and reported higher physical activity levels while not significantly decreasing their mean energy intake. Their fitness increased by the end of the trial, that is, their treadmill test lengthened, VoL increased, and Vo2max increased. In contrast, the dieters decreased total calorie intake without increasing either VoL or self-reported physical activity. Body mass index decreased significantly in both experimental groups, significantly less in exercisers than dieters, despite our efforts to achieve similar losses Table 2 shows that the exercise-induced and dietinduced weight loss groups each increased mean plasma HDL2-mass concentrations, increased LDL peak particle diameter, and decreased mean plasma VLDL-mass concentrations. These results are significant for both the 7-month and 1-year measurements. Exercise-induced and diet-induced weight loss also each significantly reduced small LDL-mass concentrations and significantly increased mean LDL peak flotation rate after 7 months. The significant reduction in small LDL concentrations was sustained in dieters after 1 year but only marginally in exercisers (p .0.10). Neither intervention program significantly influenced mean concentrations of large LDL or IDL particle mass concentrations. Table 3 shows that altered nutrient intake did not contribute significantly to differences in lipoprotein change among exercisers, dieters, and controls.
Most of the mean differences in lipoprotein changes between exercisers and controls and between dieters and controls can be attributed to weight loss (Table 3) . Adjustment for body mass index change by analysis of covariance eliminated the significance of the exercisers' HDL2 increase at 7 months (p=0.32) and 1 year (p=0.82), their increase in LDL peak particle diameter after 7 months (p=0.16) and 1 year (p=0.90), their 7-month small LDL decrease (p=0.43), and their 7-month increase in LDL peak flotation rate (p=0.12). Adjustment for body mass index change also eliminated the significance of the dieters' 7month HDL2 increase (p=0.82), their 7-month and 1-year increases in LDL peak particle diameter (p=0.86 andp=0.75), their 7-month VLDL decrease (p=0.70), their 7-month and 1-year small LDL decreases (p=0.90 and p=0.71, respectively), and their 7-month increase in LDL peak flotation rate (p=0.59). Adjustment had little effect on the significance of the 1-year VLDL decrease in exercisers (p=0.06) and dieters (p=0.10). Exercise-Induced Versus Diet-Induced Weight Loss Table 2 shows that exercise-induced weight loss and diet-induced weight loss programs produced comparable mean changes in lipoprotein subfraction concentrations. The dieters, however, lost more weight than the exercisers. This difference in weight loss could mask important differences in lipoprotein change. Two procedures were used to test whether equivalent weight loss by diet and by exercise produced equivalent lipoprotein changes.
First, we used analysis of covariance to compare the exercisers' and dieters' average change in plasma lipoproteins at an equivalent mean change in body mass index (Table 3 and Figure 1 ). This procedure fits parallel regression lines to the relation between change in body mass index and change in HDL2, and then tests whether the distances between the lines are significantly different from zero. At equivalent weight loss, exercise and diet produced comparable changes in the mass of small LDL, large LDL, IDL, Before adjustment, exercisers and dieters each increased HDL2 and decreased small LDL concentrations relative to controls, and there were no significant differences between exercisers and dieters. Adjustment eliminates all small LDL differences between groups and exerciser-control differences in HDL2.
Dieters' HDL2 increase, however, was less than expected, considering their mean weight loss. When adjusted to equivalent weight loss, HDL2 increased significantly more in exercisers than dieters.
VLDL, and LDL peak particle diameter. The analyses of covariance, however, suggest that when adjusted to equivalent change in body mass index, HDL2 increased significantly more after 1 year in exercisers than dieters (Figure 1 ). This is because the dieters' mean HDL2 increased significantly less than statistically expected given their mean weight loss, that is, less than the change predicted from the regression coefficient between changes in HDL2 and changes in body mass index. The exercisers' adjusted 7-month increases in HDL2 and LDL peak flotation rate were also greater than those of the dieters. These results were also obtained when exercisers and dieters were adjusted to equivalent changes in lean and fat body mass; adjusted HDL2 increased 12.9+7.3 mg/dl (mean+SEM) more after 7 months (p=0.08) and 9.9+5.1 mg/dl more after 1 year (p=0.05) in exercisers than dieters, and LDL peak flotation rate increased 0.35 mg/dl more after 7 months in exercisers than dieters (p=0.04). Second, we restricted the comparison to a subset of the exercisers and dieters who were within an overlapping range of weight loss, between -3.24 and -0.11 kg/m2 at 7 months and between -3.52 and -0.45 kg/m2 at 1 year. After 7 months, there were only minor differences (±+SEM) in HDL3 (exercisediet, -7.5±7.7 mg/dl), small LDL (-4.0±13.0 mg/ dl), large LDL (7.5+9.0 mg/dl), IDL (1.2±4.0 mg/ dl), VLDL (5.2±13.9 mg/dl), and LDL peak particle diameter (-0.73±1.64 A) in this subset. Similarly, after 1 year, the exercisers and dieters showed little difference (±SEM) in HDL3 (-5.0±7.9 mg/dl), small LDL (-0.5±12.6 mg/dl), large LDL (-5.0±7.9 mg/dl), IDL (3.7±3.5 mg/dl), VLDL (3.4±13.6 mg/ dl), LDL peak flotation rate (0.14±0.18 mg/dl), and LDL peak particle diameter (-0.54±1.64 A). When restricted to a common weight-loss range, however, the exercisers had marginally greater increases (±SEM) in HDL2 after 7 months (4.6±7.7 mg/dl), HDL2 after 1 year (8.5±6.0 mg/dl), and LDL peak flotation rate after 7 months (0.25±0.17 Sf).
Although more direct and involving fewer assumptions, the second approach has less statistical power to detect significant exercise group versus diet group differences because the sample sizes are reduced. Forty-one exercisers and 31 dieters are compared at 7 months, and 34 exercisers and 36 dieters are compared at 1 year.
Correlational Analyses
Change in body mass index correlated significantly and negatively with the 7-month and 1-year changes in HDL2 and LDL peak flotation rate in all three groups (Table 4 ). Weight loss also correlated positively and significantly with small LDL changes in exercisers, dieters, and controls after 1 year, and in exercisers after 7 months. Changes in IDL and body mass index were positively correlated but these were not always significant. Alteration in nutrient intake generally did not account for the relation between changes in lipoproteins and body mass index. The lipoprotein changes generally correlated more strongly with change in body mass index than change in percentage of body fat.
The significant correlations between the exercisers' lipoprotein changes, their distance run, and their increased fitness can be largely ascribed to weight loss. Distance run correlated with changes in HDL2 (r=0.30, pcO.05) and LDL peak flotation rate (r=0.28,p=0.06) after 7 months, and with changes in HDL2 (r=0.44,p.0.01) and LDL peak particle diameter (r=0.31,p<0.05) after 1 year. When adjusted for change in body mass index, however, distance run was no longer significantly correlated with 7-month changes in HDL2 (r=0.16) and LDL peak flotation rate (r=0.16) or with 1-year changes in HDL2 (r=0.25) and LDL peak particle diameter (r=0.12). Adjustment for body mass index change also eliminated the significant relation between changes in months, r=0.36 after 1 year), LDL peak flotation (r=-0.49 after 1 year), and LDL peak particle diameter (r= -0.33 after 1 year). Results for Individual Flotation Intervals Figures 2 and 3 present the mean changes in HDL mass and LDL mass concentrations by flotation rate for exercisers, dieters, and controls. After 7 months, HDL mass of F,'20 2.5-3.5 had increased significantly more in dieters than exercisers; however, by 1 year, this distinction between diet-induced and exercise-induced weight loss ceased to exist. Other analyses (not displayed) showed that adjustment for nutrient intake had little effect on the range of HDL and LDL flotation interval, showing significant treatment versus control group differences at 7 months or 1 year. Reductions in VLDL mass concentrations were significant within S 0 f 50-250 in dieters and within S 0 100-200 in exercisers after 7 months, and within S 0 100-200 in dieters and within S ' 40-200 in exercisers after 1 year.
As shown by the correlations of Table 5 , 7-month and 1-year changes in body mass index were inversely related to change in F?°20 3.5-8 HDL mass concentrations for exercisers, dieters, and controls. In exercisers, 1-year changes in HDL mass showed comparable correlations with distance run and with change in body mass index throughout the range Fl?20 3.5-8. Changes in Vo2max and treadmill test duration correlated with narrower ranges of HDL mass change. Discussion We have shown in this controlled randomized experiment that weight loss by exercise alone or diet alone significantly increases plasma HDL2 mass con--Exercise -Diet -Control 2 HDL flot 4 6 tation rate (F1.20) FIGURE 2. Graphs showing mean changes in HDL mass concentrations by flotation rate in exercisers, dieters, and controls. Cross-hatched areas designate significant differences between exercisers and controls and between dieters and controls.
centrations, LDL peak flotation rate, and LDL particle diameter and decreases both small LDL and VLDL plasma mass concentrations. It is likely that processes associated with weight loss cause the changes in HDL2, small LDL, and LDL peak flotation rate because, in addition to the controlled results, the changes correlated significantly with the amount of weight lost, separately in each of the three experimental groups. Moreover, when adjusted to equivalent change in body mass index, the exercise minus control group differences in HDL2 and small LDL changes were no longer significant, and there were no significant differences in the exercisers' and dieters' unadjusted mean change in small LDL, VLDL, and LDL peak particle diameter (Table 3 ).
Although changes in LDL peak particle diameter correlated with distance run, and HDL-change correlated significantly with distance run and changes in Vo2max and treadmill test duration in exercisers, FIGURE 3. Graphs showing mean changes in LDL mass concentrations by flotation rate in exercisers, dieters, and controls. Cross-hatched areas designate significant differences between exercisers and controls and between dieters and controls. these correlations were not significant when adjusted for body mass index change. The increase in HDL2 mass (+SEM) is consistent with the increase in plasma HDL2 cholesterol reported by Wood et a125 in these men after 7 months (exercise-control, 2 LDL distribution because of its nonspecificity, that is, it encompasses small LDL, large LDL, and IDL cholesterol. 30, 31 Variations in the relative concentrations of small, dense and larger, more-buoyant LDL species might contribute to variations in LDL peak flotation rate and particle diameter as assessed by analytic ultracentrifugation and gradient gel electrophoresis, respectively. The increases in LDL peak flotation rate and particle diameter associated with weight loss could reflect an increase in the ratio of large to small LDL, as well as increased size and density of the major LDL component. Although some investigators have ascribed the lipoprotein changes during diet-induced weight loss to altered nutrition, and cross-sectional surveys and experimentation do suggest that dietary composition might affect lipoprotein subfraction concentrations or distributions,34,35 perhaps through adiposity changes,36 the present study has shown that adjustment for changes in dietary composition generally did not affect the significance of the group differences or the correlations between changes in body mass index and lipoproteins. Although this suggests that the lipoprotein changes we observed during weight loss were not because of changes in dietary composition, it should be recognized that these adjustments are limited by the precision of the 7-day food-record estimates of nutrient and total calorie intake. For example, weight loss in dieters and exercisers were less than predicted from their reported calorie intakes and expenditures. Exercise-Induced Weight Loss The hypothesis that exercise might elevate HDL cholesterol and affect other lipoproteins through weight loss is controversial. Williams'5 studied the relation of reduced adiposity to HDL cholesterol concentrations in 23 published cross-sectional comparisons of long-distance runners and sedentary men. He showed that the runners' and sedentary men's mean HDL cholesterol differences were largely explained by their adiposity differences (r=0.80, across studies). Yet, mean training distances were unrelated to the runners' and nonrunners' HDL cholesterol differences in these studies. From these results, he proposed the following theory: Longdistance runners have the lipoprotein metabolism of men who are below their usual weight (their purported sedentary set-point weight) and not the metabolism of equivalently lean men who are neither exercising nor dieting.
We propose the following mechanism for the lipoprotein changes in exercisers: Lipoprotein lipase activities are increased in the muscle and adipose tissues of long-distance runners. 37 Although the importance of the runners' higher lipoprotein lipase activity in muscles is generally emphasized,13"4 published data suggest that the increased lipoprotein lipase activity in the adipose tissue of runners predominates,37 with adipose activity being 79% of the whole body lipoprotein lipase activity in runners. 37 If the probability of a lipolytic reaction is a function of lipoprotein lipase activity, then the site of chylomicron and VLDL lipolysis is more likely to occur in adipose tissue than in muscle tissue. A depletion of adipocyte triglyceride stores with exercise-induced weight loss could, therefore, induce increased adipocyte lipoprotein lipase activity, which could in turn affect lipoprotein levels. Cross-sectional studies of runners suggest that formerly obese mar-athon runners have smaller fat cells than other runners,38 and adipose tissue lipoprotein lipase is inversely related to runners' fat cell diameter. 39 Thus, runners who have lost the most weight since starting to run (i.e., those farthest below their weight setpoint) have the greatest increases in adipose tissue lipoprotein lipase activity, and might also have the greatest increases in HDL2, LDL peak flotation rate, and particle diameter, and the greatest decreases in small LDL and VLDL concentrations. This same mechanism could explain the changes in lipoproteins seen in weight-losing dieters. Previously obese, sedentary subjects who are weight-stable at a reduced weight have increased lipoprotein lipase activity in adipose tissue. 40 The low triglyceride and VLDL concentrations of runners and dieters might be explained, in part, by high lipoprotein lipase activity causing chylomicron and VLDL particles to be catabolized and cleared more rapidly. Fasting VLDL might also reflect a reduction in the postprandial triglyceride-rich lipoprotein pool.41 Some attribute elevated HDL2 of exercisers to more rapid transfer of free cholesterol and phospholipids to HDL during the accelerated catabolism VLDL and chylomicrons. 42, 43 The reduced concentrations of triglyceride-rich lipoproteins in exercisers and dieters might also reduce cholesteryl ester-triglyceride exchange between lipoprotein subclasses.44 Running and weight loss each decrease postprandial lipemia (the chylomicron pool) and fasting VLDL. [45] [46] [47] [48] This, in turn, could result in the accumulation of cholesteryl-esterenriched HDL2 and large LDL subspecies, and reduced formation of HDL and LDL particles with triglyceride-enriched cores that could be hydrolyzed to smaller, denser HDL and LDL subspecies. 49, 50 Weight loss by exercise or dieting might also reduce hepatic lipase activity.6,5152 Hepatic lipase hydrolyzes the HDL phospholipids.53-55 Furthermore, the rate of cholesterol transfer from HDL to hepatocytes is reported to decrease as the phospholipid/cholesterol ratio of the HDL particle is increased.56-58 Thus, reduced hepatic lipase activity in runners and dieters might result in the accumulation of HDL2 particles that have high phospholipid content relative to their cholesterol content and, therefore, less rapid transfer of HDL2 cholesteryl esters to hepatocytes. Exercise-Induced Weight Loss Versus Diet-Induced Weight Loss Exerciseand diet-induced weight losses each increase lipoprotein lipase activity and each decrease hepatic lipase activity. 6, 40, 51, 52, 59 In dieters, however, low caloric intake might mitigate the effects of these lipase changes on HDL2 and other lipoproteins. Nikkila et a143 calculate that fivefold to 10-fold more surface phospholipids and cholesterol are transferred to HDL from chylomicrons than from endogenous VLDL.43 Therefore, despite similar increases in lipoprotein lipase, dieters might increase HDL2 and HDL cholesterol concentrations less than exercisers because dieting reduces the amount of cholesterol, phospholipids, and apolipoproteins available for transfer to HDL. Caloric restriction might also cause less accumulation of HDL cholesterol and HDL phospholipids when hepatic lipase activity is reduced,56 and less accumulation of HDL cholesteryl ester when cholesteryl ester-triglyceride exchange is reduced.44 Alternatively, in exercisers, high-energy intake might accentuate the HDL2 increase. Higher caloric intake might increase the uptake of cholesterol and phospholipid by HDL particles during lipolysis, accentuate HDL2 accumulation when low hepatic lipase activity reduces HDL phospholipid hydrolysis and HDL cholesterol efflux, and accentuate HDL2 increase when less HDL cholesteryl ester is transferred to triglyceride-rich lipoproteins.
These interpretations are consistent with the correlations presented by Stefanick et a151 in these men. Weight loss produced the same reductions in hepatic lipase activity whether it was achieved by exercise (r=0.50) or dieting (r=0.51). Weight loss also produced similar increases in postheparin plasma lipoprotein lipase activity in exercisers (r= -0.36) and dieters (r= -0.29). Changes in HDL2 mass, however, were more strongly correlated with change in hepatic lipase activity in men who lost weight by running (r= -0.40) than men who lost weight by dieting (r= -0.24). The increase in lipoprotein lipase was also associated with greater increases in HDL2 mass in runners (r=0.38) than dieters (r=0.00).
Our findings also coincide with other published data. For equivalent losses of body weight, the increases in HDL cholesterol for most weightloss-by-diet studies are less than the HDL cholesterol differences between lean runners and heavier sedentary men. They are also less frequently significant. Failure to measure HDL cholesterol in steady-state conditions might account for some of the inconsistent findings of diet studies. Reductions in adipocyte triglyceride stores do not necessarily increase adipose tissue lipoprotein lipase activity in the hypocaloric state.59,60 Differences in energy flux could be an important difference between exerciseand dietinduced weight losses. Men who are below their usual weight by dieting generally sustain their fat loss only by continuing to restrict their energy intake. The increase in adipose tissue lipoprotein lipase activity in those men might primarily serve to return adipose mass and fat-cell size to that specified by the postulated set-point for body weight.61 Men who have lost weight by long-distance running, however, are able to sustain the reductions in fat-cell size on unrestricted diets that often contain 40-60% more calories than sedentary men who are at stable weight.62
